Homogenates of etiolated pea leaves were fractionated by differential centrifugation. The fractions were examined microscopically, and were assayed for nitrogen, nucleic acid, and pigment content, for the following enzymessuccinoxidase, cytochrome oxidase, and cytochrome reductase, and for their ability to carry out oxidative phosphorylation. These studies revealed at least four different types of particles, namely nuclei, plastids, mitochondria, and particles of mitochondrial size, or smaller, lacking succinoxidase. These latter particles contained cytochrome reductase and corresponded to the microsomes of mammalian cells.
I. INTRODUCTION
The characterization of the different types of sub-cellular particles in plant cells has until recently been confined largely to cytological investigations (Newcomer 1951; Weier and Stocking 1952) . In biochemical studies,particulate fractions containing mitochondrial activities have been isolated from a number of etiolated tissues (Millerd and Bonner 1953) and green leaves (Ohmura 1955; Smillie 1955a Smillie , 1955b , while the oxidation of palmitic acid by a microsomal fraction isolated from peanut cotyledons has been demonstrated by Humphreys et al. (1954) .
Fractionation of cell-free preparations from various plant tissues by differential centrifugation has yielded further information on the nature of sub-cellular particles and their role in the metabolism of the plant cell. Fractionation procedures have been applied to etiolated pea seedlings (Stafford 1951) , green tobacco leaves (McClendon 1953; Jagendorf and Wildman 1954) , and potato tubers (Levitt 1954) . In these investigations particles of different size were separated, but studies of their enzymic complements revealed little information about their possible function in the cell.
Very little is known of the biochemical properties of sub-cellular particles isolated from etiolated leaves. These leaves can respire, but cannot carry out photosynthesis. They possess plastids which may contain a large number of the enzymes functioning in normal photosynthesis. Hence characterization of the types of subcellular particles in etiolated leaf cells, and the functions of these particles as indicated by their enzymic activities, serves not only to supplement our knowledge of etiolated plant tissues in general, but by comparing such information with that from similar studies with green leaves, may also help to elucidate some of the problems regarding respiratory and photosynthetic mechanisms in green leaves. In this paper it will be shown that there exist at least four different types of sub-cellular particles in etiolated leaf homogenates. These have been fractionated by differential centrifugation.
II. METHODS (a) Plant Material
Pea seedlings, Pisum sativum (Yates Greenfeast), were grown in darkness at 20-25°C. Etiolated leaves were harvested 10 days after germination.
(b) Fractionation Procedure
Etiolated leaves (20 g) were ground with sucrose (0·5M) containing ethylenediaminetetra-acetate (EDTA) (0·005M) at pH 7·2. The resulting mixture was filtered through a double layer of muslin, made up to 80 ml with sucrose-EDTA solution, and subjected to the fractionation procedure outlined in Table 1 . The relative centrifugal force was calculated for the centre of gravity of the fluid volume in the centrifuge tube at each speed used. Each fraction was washed by resuspension in 80 ml of the extraction medium and re-centrifugation, and the particles were finally resuspended in sucrose (0·5M). All operations were performed at 0-5°C. (c) Estimations Ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) were separated by the Schmidt-Thannhauser procedure, as employed by Davidson, Frazer, and Hutchison (1951) . RNA was estimated by total phosphate (Allen 1940) and DNA by total phosphate and the Dische test (Racker 1952) . Carotenoids were estimated by extraction in boiling chloroform: methanol (2 :1), followed by measurement of the optical density (O.D.) of the filtered extract at 449 mfL. Cytochrome oxidase was measured manometrically in the presence of exogenous cytochrome c and p-phenylenediamine. Succinoxidase, oxidative phosphorylation, and diphosphopyridine nucleotide (DPN)-linked cytochrome reductase were estimated as previously described (Smillie 1956 ). Figure 1 shows the distribution of total nitrogen in the five fractions isolated by sedimentation at different centrifugal forces. The highest centrifugal force used (17,000 g) was insufficient to sediment all the particles completely, and a clear supernatant was not obtained. The particles in the 17,000 g supernatant together with those lost during the washing procedure were neglected. They amounted to less than 10 per cent. of the total particulate proteins. It can be seen that almost 50 per cent. of the total particulate nitrogen was in fraction 2; the amount of material in the subsequent fractions was progressively smaller.
III. RESULTS (a) Total Nitrogen Distribution in Sedimented Leaf Particles
(b) Distribution of DNA and RNA The DNA content of the various fractions serves as a measure of the nuclei or nuclear fragments present, if it is assumed that nuclei are the only particles in normal cells which contain significant amounts of DNA. The distribution of DNA is shown in Figure 2 . These results, based on the amount of deoxyribose present as indicated by the Dische test, agreed closely with values obtained by total phosphate estimation. The DNA-containing material was largely sedimented in the first two fractions. The remaining 10 per cent. present in the remaining fractions probably represents nuclear fragments produced by the grinding process. Microscopic examination disclosed many whole nuclei in fractions 1 and 2. The RNA content, expressed on a total nitrogen basis, was highest in fraction 2. Comparison of values for both nucleic acids disclosed an RNA: DNA ratio of 0·48 for fraction 1 and 4·5 for fraction 2. The DNA content of the other fractions was too low to permit accurate estimation of this ratio.
(c) Distribution of Extractable Carotenoid
The distribution of carotenoid pigments is shown in Figure 3 . Fractions 3-5, although pale yellow in colour, did not contain any significant amounts of extractable pigment. Hence it was concluded that whole plastids were almost entirely sedimented in fraction 2.
(d) Distribution of Oxidative and Phosphorylative Activities
In Figure 4 are shown the distributions of succinoxidase, and the capacity for mddative phosphorylation in the presence of added substrate. Both activities, which are characteristic of mitochondria, had similar distribution patterns. Most of the activity was concentrated in fractions 3 and 4, isolated between 1200 and 6700 g respectively. It was previously shown by Smillie (1955a) that a similar fraction from etiolated pea leaf homogenates will also oxidize a-ketoglutarate, glutamate, isocitrate, citrate, and pyruvate. Etiolated leaves thus possess mitochondrial particles which are sedimented between 1200 and 6700 g. Final volume 2·0 ml.
(e) Distribution of Cytochrome Oxidase and Cytochrome Reductase
The distributions of cytochrome oxidase and DPN-linked cytochrome reductase were quite different (Fig. 5) . Fractions 3 and 4 contained the highest concentrations of cytochrome oxidase. Comparison of this distribution with those of typical mitochondrial systems, such as succinoxidase and oxidative phosphorylation, indicate that cytochrome oxidase is located in the mitochondria. Similarly in etiolated pea seedlings (Stafford 1951) , corn seedlings (Haskins 1955) , and green tobacco leaves (McClendon 1953; Jagendorf and Wildman 1954) , cytochrome oxidase was found to be localized in particles of mitochondrial size.
Little is known of cytochrome reductase in plant tissues, but in mammalian cells separations of cytoplasmic particles by differential centrifugation (Hogeboom, Schneider, and Striebich 1953) or by gradient centrifugation (Thompson and Mikuta 1954) showed that cytochrome reductase is concentrated in particles (microsomes) smaller than mitochondria. Similarly with etiolated pea leaf homogenates, the highest concentration of cytochrome reductase was found in particles smaller than mitochondria and lacking succinoxidase activity.
(f) Microscopic Examination of Etiolated Leaf Fractions
The different fractions were examined by phase-contrast microscopy. In fraction 1 the only regularly-shaped particles were whole nuclei. Fragments of cell wall were also observed. Fraction 2 contained numerous whole plastids and also many particles 1-5 fL in diameter. The other fractions contained particles varying in diameter from approximately 2 fL down to the limit of resolving power of the microscope, the average size of the particles being smaller in each succeeding fraction. In Figure 6 the distribution of particles 0·5-2 fL in diameter (corresponding to mitochondria in size) in fractions 1-4 is compared with the succinoxidase distribution. In fraction 5 there were no significant numbers of particles 1 fL or larger, all the particles being at the limit of resolution and consequently too small for accurate counting. There was no significant succinoxidase activity in this fraction.
IV. DISCUSSION
The results obtained show that differential centrifugation of etiolated leaf homogenates successively sediments at least four different types of particles, viz.
(1) nuclei, (2) plastids, (3) mitochondria, and (4) particles smaller than mitochondria (microsomes) which lack succinoxidase activity. Repeated sedimentation under a suitable gravitational force can yield preparations either of nuclei or whole plastids almost completely free of other particles. This is not so with the smaller particles.
The distribution patterns of cytochrome oxidase, succinoxidase, and oxidative phosphorylation are similar and these activities appear to reside in the same particles. Comparison with the pigment distribution and microscopic examination of the fractions show that these particles are distinct from plastids, are about 1 fL in diameter, and hence correspond to the mitochondria of other etiolated plant tissues (Millerd and Bonner 1953) and mammalian cells (Green 1954 " "- The cytochrome reductase activities of the fractions containing the particles of mitochondrial size are quite high (Fig. 5) leading to the possible conclusions that either mitochondria also contain cytochrome reductase, or that smaller particles possessing this enzymic activity are adsorbed on to the larger mitochondria. A simple admixture of fractions 3 and 4 with smaller particles similar to those found in fraction 5 is unlikely, since each fraction was washed once. An alternate explanation is as follows. Since the ratio of succinoxidase activity to the number of particles about 1 fL in diameter (Fig. 6 ) decreases from fractions 2 to 4, it is likely that in fraction 3, and more so in fraction 4, a considerable number of particles counted do not possess succinoxidase activity and hence are similar to the smaller particles in fraction 5. The number of these particles are probably sufficient to account for the cytochrome reductase activity in fractions 2, 3, and 4. If the reductase activity in these fractions is contained in particles similar to the smaller particles of fraction 5, then it can be seen that while the average size of the latter particles are smaller than the mitochondrial particles, there is no sharp division into two different particle sizes, separable by differential centrifugation. This is in contrast to the work of Levitt (1954) who found in potato tubers no gradation in size between particles of mitochondrial and microsomal dimensions. Fractions 2-5 would also contain proplastids, but these are probably distinct from the particles described above, since whole plastids showed none of these enzymic activities.
V. ACKNOWLEDGMENTS The author is indebted to the Commonwealth Scientific and Industrial Research Organization for financial assistance, and to the Research Committee, University of Sydney, for the purchase of chemicals. The author also wishes to thank Dr. A. Millerd for her continued interest in the course of this investigation.
